As-grown InN always exhibits n-type conductivity, with unintentional free-electron concentrations as high as 10 21 cm −3 . 1 Many theoretical and experimental studies have focused on determining the major reason for the unintentional n-type conductivity of InN.
1 However, no consensus has yet been reached. The traditional candidates fall into two categories: donor impurities and donor-type native defects. The impurities most commonly suggested as the primary cause of InN's n-type conductivity are oxygen 2 and hydrogen. 3 Among native defects, the nitrogen vacancy ͑V N ͒ has been found from theoretical calculations to be a donor 2 and has also been suggested as the major reason for the high n-type conductivity. 1 Self-interstitials and antisite defects are energetically unfavorable in InN due to the small lattice constant and the large-size mismatch between the cations and anions, respectively. 2, 4 More recently, surface electron accumulation has emerged as another factor contributing to the n-type conductivity in InN. 5, 6 The purpose of this letter is to investigate the relative importance of these three contributions to the n-type conductivity of InN. To this end, calculations of the film thickness dependence of the free-electron concentration in InN are compared with Hall measurements of high-quality InN films grown by molecular-beam epitaxy ͑MBE͒. The observed dramatic reduction in carrier concentration with increasing film thickness is successfully modeled by considering a homogeneous background of donor impurities, a constant surface sheet density due to electron accumulation, and positively charged V N along dislocations whose density declines exponentially away from the InN/buffer layer interface. While other possibilities cannot be entirely ruled out, this letter highlights the role dislocations and surface electron accumulation play in causing the variation of free-electron density with InN film thickness.
InN films were grown on sapphire substrates by MBE. 7, 8 The optimized growth method that results in the highest quality epitaxial InN films, with the lowest electron concentrations, highest mobilities, and lowest dislocation densities, uses an AlN nucleation layer and a GaN buffer layer deposited prior to InN growth. Figure 1 displays the variation in the free-electron concentration as a function of film thickness for a set of InN samples that were all grown under similar conditions. The electron density decreases by two orders of magnitude ͑low 10 19 to low 10 17 cm −3 ͒ as the film thickness is increased by almost four orders of magnitude ͑50-12 000 nm͒. The respective Hall electron mobility ͑not shown͒ steadily increases by at least one order of magnitude ͑ϳ100 to ϳ 2000 cm 2 13 cm −2 . The second is the same but with the addition of free-electrons from positively charged dislocations ͑blue solid line͒. The inset is a schematic representation of the inhomogeneous electron distribution in an InN film. Three regions are identified: ͑a͒ where the surface electron accumulation layer is the major contribution to n, ͑b͒ a bulk layer where the electron density is mainly due to the background donor density from impurities, and ͑c͒ an interface region dominated by the contribution from the positively charged nitrogen vacancies along dislocations.
Any explanation of the origin of the n-type conductivity in InN films must quantitatively account for this Hall data. Donor impurities ͑e.g., O and H͒ are the first possibility to consider to explain this film thickness dependence of the free-electron density in InN. This is because theoretical calculations have shown that the energy required for impurities to become donors is lower than the formation energy of native defect donors. 2 High background impurity doping could be the major reason for the high n-type conductivity observed in some InN films when very high impurity densities are present. However, if InN films are grown without impurities being incorporated in significant concentrations, impurity-derived donors cannot be the main source of unintentional n-type doping. Indeed, secondary ion mass spectrometry ͑SIMS͒ of high-quality MBE-grown InN indicates that the concentration of impurities ͑O and H͒ is too low to fully account for the measured free-electron densities. 9 Furthermore, irrespective of the absolute concentrations of impurities ͑which can be difficult to reliably quantify by SIMS͒, SIMS results show that the impurity densities do not follow the trend of film thickness dependence exhibited by the free-electron concentration in Fig. 1 . This suggests that impurities are not the major cause of n-type conductivity in these high-quality MBE-grown InN films.
The second phenomenon to consider to explain the film thickness dependence of InN's free-electron density is the native surface electron accumulation. Since this contributes a constant two-dimensional ͑2D͒ sheet free-electron density at the surface of each InN film irrespective of the film's thickness, it immediately offers one qualitative explanation of the film thickness dependence of the three-dimensional ͑3D͒ free-electron concentration. In order to obtain the experimental 3D free-electron densities n Hall 3D , plotted in Fig. 1 , the sheet density obtained from the Hall measurement is divided by the film thickness. For an electron accumulation layer, this means that, as the film thickness is increased, the fixed surface sheet density is numerically averaged over a greater depth, reducing the apparent 3D electron density. It must be emphasized that this does not in any way suggest that the charge associated with the electron accumulation is physically distributed through the film; it is localized within a few nanometers of the surface. 6 While surface electron accumulation gives the correct trend with film thickness, its contribution to the free-electron density must be quantitatively evaluated against the experimental data in Fig. 1 for a 10 000 nm thick film. This is more than an order of magnitude lower than the experimental value for this thickness ͑3.5ϫ 10 17 cm −3 ͒ shown in Fig. 1 . This suggests that electron accumulation alone cannot fully account for the measured free-electron densities and that a low background concentration of donor impurities also contributes. Indeed, variable magnetic field Hall measurements of a thick InN film ͑7.5 m͒, analyzed by multiple carrier fitting and quantitative mobility spectrum analysis, indicated that the true bulk free-electron density ͑below the accumulation layer and far from the InN/buffer layer interface͒ is ϳ2 ϫ 10 17 cm −3 . 10 Therefore, any thickness dependence of the electron density must be superimposed on a uniform background of electrons from donor impurities. Therefore, for an InN film of thickness d, the Hall-measured total sheet density ͑n Hall 3D d͒ has been calculated as the sum of the sheet density arising from a uniform background of donor impurities ͑n imp 3D d͒ and the surface sheet density ͑n s 2D ͒ resulting from the electron accumulation layer,
The Hall-derived 3D electron density is then given by dividing Eq. ͑1͒ by d,
where n imp 3D =2ϫ 10 17 cm −3 and n s 2D = 2.5ϫ 10 13 cm −2 . The calculated electron density variation with film thickness according to this model is shown in Fig. 1 ͑black dashed line͒. For this case, the calculated electron density is significantly lower than that observed for all film thicknesses.
This indicates that an additional film thicknessdependent phenomenon is required to completely reproduce the experimental data. The remaining possibility is a film thickness-dependent contribution from donor defects. The obvious candidate is defects associated with threading dislocations, whose origin is the large lattice mismatch between the epilayer and the buffer layer. The dislocation density in InN is assumed to vary in a similar manner to GaN, since structurally these two materials are alike. In GaN, the dislocation density reduces exponentially with increasing distance from the buffer layer, as reported by Jasinski and Liliental-Weber. 11 This variation is due to the annihilation and fusion of the dislocations with increasing growth. 12 To account for the charge associated with the dislocations, a term has been added to Eq. ͑2͒, such that
where C is a constant, D͑x͒ = A͑10 −log 10 x ͒ ͑for x ജ 50 nm͒ represents the exponential decay of the dislocation density D ͑in cm −2 ͒ at distance x from the interface, and A is a constant. 11 The few transmission electron microscopy ͑TEM͒ studies of InN films performed so far support this assumption. Dislocation densities in InN of 5.0ϫ 10 10 cm −2 ͑Ref. 3͒ and 2.2ϫ 10 10 cm −2 ͑Ref. 12͒ have been reported for 450 and 760 nm away from the interface, respectively. Additionally, a very recent cross sectional TEM study of the dislocation density in InN indicates an exponentional falloff with increasing distance from the InN / AlN interface. 13 The total sheet density of electrons from donor V N along dislocations in a film of thickness d is determined by integrating the exponentially varying dislocation density over the entire film thickness and multiplying by the charge contribution per unit length of each dislocation C. The contributions from each depth are summed to determine the total contribution to the freeelectron density from dislocations. Using the same quantities for the background and electron accumulation terms as before, a charge contribution of one electron every 2 nm along each dislocation is sufficient to reproduce the experimental variation of electron density with InN film thickness, as shown in Fig. 1 ͑blue solid line͒. This one electron every 2 nm along each dislocation equates to a local free-electron density from dislocations of 1 ϫ 10 17 cm −3 at the distance from the interface where the dislocation density is 2 ϫ 10 10 cm −2 . For this model to be plausible, the donor character of nitrogen vacancies in n-type InN must be explained. In n-type GaN, threading dislocations are negatively charged 15 as a result of acceptor-type gallium vacancies ͑V Ga − ͒ forming along the dislocation core. 16 Studies of the effects of dislocations on the carrier mobility in GaN have indicated that approximately two acceptors per nanometer exist along the dislocation line. 17 A previous InN study considered negatively charged acceptor dislocations by analogy with GaN. 3 However, in view of the revision of the band gap since this work, positively charged donor nitrogen vacancies along dislocations are now considered to be energetically favorable for n-type InN.
Theoretical calculations of III-nitrides have revealed similarities between InN and GaN. 18 Group III vacancies ͑V III ͒ become increasingly favorable as the Fermi level is increased with respect to the valence band maximum ͑VBM͒. Conversely, V N + becomes increasingly energetically favorable with decreasing Fermi level, as shown in the inset of Fig. 2 . The crossover between the two types of defects corresponds well to the position of E B ͓for example, the VBM lies 2.4 eV below E B for GaN ͑Ref. 14͒ in agreement with the crossover energy reported for GaN ͑Ref. 18͔͒. As described by the amphoteric defect model, 19 the movement of the Fermi level away from E B lowers the formation energy of the type of defect required to move the Fermi level back towards E B . Figure 2 shows the location of the ⌫-point band extrema of III-nitrides with respect to the location of E B . For n-type GaN, the bulk Fermi level generally lies above E B . Compensating V Ga − becomes increasingly energetically favorable as the n-type conductivity is increased. However, even for highly degenerate n-type InN, the bulk Fermi level lies far below E B and so V N + are instead energetically favorable. The variation of the Hall-measured electron concentration with increasing InN film thickness has been modeled by a constant background electron density ͑due to donor impurities͒, a fixed surface sheet density and the free electrons from V N + along the dislocations. Therefore, impurities, native defects, and electron accumulation all play a significant role in producing the n-type conductivity of as-grown InN. The existence of V N + , donor impurities, and surface electron accumulation in n-type InN is due to the conduction band minimum ͑CBM͒ lying far below E B . In this sense, the band structure of InN is the major reason for its n-type conductivity. 
